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ABSTRACT: In,TiOs, containing both early transition metal
(d°) and p-block metal (d'°), is a very promising candidate for
possible application in H, production because of its suitable
edges of conduction and valence bands and the crystal
structure, which is considered to favor mobility of charge
carriers. Herein we report, for the first time, the synthesis of
novel oxygen vacancies (OV), N-doped In,TiO; (OV,N—
In,TiO;) with controllable band gap. The resultant OV,N—
In,TiOg sample was prepared by a multistep sol—gel
calcination process and studied as a near-infrared (NIR)
light-driven photocatalyst for H, production. OV and N-
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doping can effectively extend the photoresponse of In,TiOjs to the NIR region due to an interband springboard and the reduced
band gap, thus leading to efficient NIR light photocatalytic H, production activity with Pt as a cocatalyst.
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1. INTRODUCTION

Opver the past years, intense research efforts have been devoted
to direct conversion of solar energy to chemical energy by
photocatalysis processes, because it is clean and renewable.'*
This has led to amazing developments of various semi-
conductor photocatalytic materials, especially ultraviolet (UV)
and visible (Vis) light-responsive photocatalysts that can
efficiently utilize the abundant solar energy.” ® It is well-
known that visible light accounts for nearly 50% of solar light
energy, while the residual 7% and 43% are made up of UV light
and infrared (IR) light, respectively. Thus, compared to the
great amount of work done in the UV and Vis light range, IR
light, which constitutes almost half the solar energy, has been
overlooked and rarely used. To the best of our knowledge, only
a very limited number of materials with IR light-driven
photocatalytic activity have been developed to date, such as
carbon-doped TiO,, NaYF,:Yb, Tm/CdS, Cu,(OH)-
PO,Bi,WO,, black TiO,, dye-sensitized g-C;N,, etc.”” "
Among the studied IR light photocatalysts, most are
upconversion materials, which possess a very narrow absorption
band and cannot use sunlight efficiently. Very recently, it is
interesting to note that there are a few reports on H,
production by photocatalytic processes under near-infrared
(NIR) light irradiation. For example, Yang and co-workers'”
broke through the restriction of standard reaction mechanism
of water splitting and proposed a new photosynthesis
mechanism for producing H, in which NIR light can be used.
The new reaction model was verified in surface-functionalized
hexagonal boron—nitride bilayers by electronic and optical
calculations. Tachikawa and co-workers'® reported that Pt-
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tipped Au nanorods show strong absorption at 700—1200 nm
and exhibit efficient photocatalytic H, evolution under Vis—
NIR light. Li and co-workers'” used a highly asymmetric zinc
phthalocyanine derivative (Zn-tri-PcNc) as the sensitizer of g-
C;N, for extremely efficient NIR light-driven photocatalytic H,
production. The sensitizer Zn-tri-PcNc can remarkably extend
the spectral response region of g-C;N, from ~450 nm to more
than 800 nm. Although none of them focused on wavelengths
longer than 760 nm, these studies present a promising future
for NIR light-driven photocatalysis, and therefore, developing
new NIR light responsive photocatalysts is highly desirable for
further investigation of photocatalysis.

In order to extend the spectral response of wide band gap
oxide semiconductors toward the long-wavelength region,
many attempts have been made, such as photosensitizing,
doping, and heterogenization.'®™* Tt has been addressed that,
for Vis and NIR light-induced photocatalytic utilization,
nitrogen doping is proposed to be an effective and especially
active means since the study of Asahi et al.’'™>* Besides
nitrogen doping, oxygen vacancies (OV) have been widely used
for narrowing optical band gap, and some recent reports mainly
focus on TiO,, ZnO, In,0; BiOC], and so on.”>"*® These
studies show that the OV can induce a new in-gap band that
can increase Vis light absorption, leading to enhanced
photocatalytic activity. Compared to conventional cation
doping, OV as self-doping, without introduction of any
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Figure 1. (a) X-ray diffraction (XRD) patterns and photographs of as-prepared ITO samples. (b) Schematic illustration of In,TiOj; crystal structure.

(c) FT-IR patterns of as-synthesized samples.

impurity elements, is more favorable for preserving the intrinsic
crystal structure of semiconductors.

The physicochemical properties of titanate- and indium-
based mixed oxide semiconductors, such as SrTiO;, BaTiO;,
CaTiO;, In,_,Ni,TaO,, Caln,0,, and In,TiO;, have been
investigated in great detail because of both fundamental
scientific knowledge and their widespread technological
applications in various fields. Some of them display good
photocatalytic activity and chemical stability.””** Recently, the
ternary In,TiO; (abbreviated as ITO) has been extensively
studied as a new class of photocatalyst, which was reported to
show excellent activity for water splitting or dye degrada-
tion.”*™*° In,TiO4 contains both early transition metal (d°) and
p-block metal (d'°) that fulfill desirable criteria required for
active photocatalysts. It possesses a three-dimensional tunnel-
ing structure, which is built by octahedral [TiO4] and [InOg]
motifs (Figure 1b). It has been addressed that the [InOg]
octahedron in the crystal structure is beneficial for mobility of
charge carriers, thus improving the photocatalytic activity.*”
Unfortunately, due to the larger energy band gap of ITO,
almost all reported works focus on its UV and Vis light-driven
photocatalysis. So far, there are no investigations concerning its
NIR light-induced photocatalysis.

Herein, we use a facile strategy, OV and nitrogen doping
engineering, to accomplish NIR light-induced photocatalysis of
ITO for H, production from water. The OV, N-doped In,TiO4
(OV,N—In,TiO;) sample was prepared by annealing pristine
In, TiOg in NH; atmosphere at 600—700 °C for 2 h. OV and N-
doping have evidently changed optical properties and energy
band structure of ITO, which has been confirmed by UV—vis—
NIR optical spectroscopy and density functional theory (DFT)
calculations. The photocatalytic performance of OV,N—
In,TiOs was evaluated by measuring photocurrent response
and photocatalytic H, production under NIR light irradiation.
To the best of our knowledge, this represents the first case of
realizing NIR photocatalysis of In,TiOs for H, evolution with
Pt as a cocatalyst.

2. EXPERIMENTAL SECTION

Chemicals and Reactants. Indium chloride (InCl;, 99.9% metals
basis) was purchased from Aladdin (Shanghai) Chemistry Co., Ltd.
Nitric acid (HNO;, AR), tetrabutyltitanate [Ti(C,H,0),, AR], and
ethylenediaminetetraacetic acid disodium salt (C,;oH;,N,Na,0¢-2H,0,
denoted as ED2Na, AR) were purchased from Wei Si Chemical Co.
(Beijing). All chemical reagents were of analytical grade and used
without further purification.

Synthesis of Pristine In,TiOs. InCl; (0.4 mmol) and Ti(C,H,0),
(0.2 mmol) were added to a nitric acid aqueous solution (10 mL, 1
mol-L™!), which was stirred to form a transparent solution. ED2Na

(0.66 mmol) was dissolved in distilled water (10 mL) to form a
ED2Na solution, which then was added into above mixed salt solution
drop by drop. After the solution was stirred for 30 min, the pH value
of the mixed solution was adjusted to S. The solution was then heated
at 70 °C in oil bath for ~30 h until a gel was obtained. The resultant
gel was transferred into a combustion boat and calcined at 250 °C for
10 h in a tubular furnace. After cooling, the product was collected and
calcined for the second time at 950 °C for 2 h. Pristine In,TiOg was
finally obtained after the tube furnace was cooled to room temperature
naturally; this product was denoted as ITO.

Synthesis of Pristine OV,N-In,TiOs. The resultant ITO powder
was calcined at 350—900 °C for 2 h in NH; atmosphere to form
different In,TiO5 samples. These as-obtained samples are denoted as
ITON350, ITONS00, ITON600, ITON700, ITON750, ITON800,
and ITON900, respectively.

For comparison, another two In,TiO; photocatalysts were prepared
by annealing ITO powder at 600 and 700 °C in the tubular furnace for
2 h in H, atmosphere, which were named ITOH600 and ITOH?700,
respectively.

Characterization. Powder X-ray diffraction (PXRD) patterns of
the samples were analyzed with monochromatized Cu Ka (4 =
1.54178 A) incident radiation by Bruker D8 Advance X-ray
diffractometer operating at 40 kV voltage and 50 mA current. Fourier
transform infrared (FT-IR) spectroscopy was recorded from KBr
pellets in the range 400—4000 cm™ on a Varian 3100 FT-IR
spectrometer. The morphology and microstructure of the samples
were observed by scanning electron microscopy (SEM, JEOL S-4800)
and transmission electron microscopy (TEM, JEOL JEM-2010). X-ray
photoelectron spectroscopy (XPS) was recorded with an Escalab 250
electron spectrometer to characterize the surface composition. CHN
elemental analysis was conducted on ElementarVario Micro Cube.
Electron paramagnetic resonance (EPR) was taken with an X-band
EPR spectrometer (JEOL JES FA-200) operating at 9.065 GHz. UV—
vis—NIR absorption spectra were measured on a Varian Cary 5000
UV—vis—NIR spectrophotometer. Spectra of the light from Xe lamp
before and after filtration were detected on a wide-range optical
spectrum analyzer Avaspec-NIR2S6 (Avantes). The calculations
presented in this work were performed in the framework of density
functional theory (DFT), as implemented in the Cambridge
Sequential Total Energy Package (CASTEP) code. Time-based
transient photocurrent response was performed on a CHI660D
electrochemical workstation, where Pt electrode and saturated Ag/
AgCl electrode were employed as counter and reference electrodes,
respectively. A 300-W Xe lamp (CEL-HXF300, Jinyuan, A = 760—
1100 nm) was used as light source.

Theoretical Calculations. Electronic structures of pristine, N-,
OV-, and OV,N-In,TiO; were investigated within DFT as
implemented in the CASTEP code, using exchange—correlation
functional in the CA-PZ form of local density approximation
(LDA). The electron—core interaction was represented via ultrasoft
pseudopotentials with a plane-wave basis cutoff energy of 420 eV. The
electronic exchange—correlation energy was treated within the
framework of LDA. The self-consistent field (SCF) tolerance was all
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5 X 107 eV/atom. Fast Fourier transform (FFT) grids of basis in all
models were 75 X 18 X 75. The k-point sets of 1 X 6 X 1 were used
for all models. The doped nitrogen and oxygen vacancies were located
at a substitutional site for an O atom in the In,TiO; crystal.

Photocatalytic H, Production by Near-infrared Light. NIR
light photocatalytic H, production was performed with 0.04 g of
photocatalyst suspended in S0 mL of methanol aqueous solution (25
vol %) in a closed circulation system by use of a xenon arc lamp (300
W, CEL-HXF300, Jinyuan) with a shutter window and a Vis-light
cutoff filter (800 nm filter). H,PtCls-6H,O aqueous solution (1 mL, 1
mg of Pt-mL™") was dripped into the system to load Pt onto the
surface of the photocatalyst by a photochemical reduction deposition
method. The amount of H, was analyzed on a gas chromatograph
(N2000, Zhejiang University) equipped with a thermal conductivity
detector (N, carrier), which was connected to the gas circulating line.
Detailed schematics of the equipment, optical spectrum analyzer, and
emission spectrum of the light source are shown in Figures S2—S4 in
Supporting Information.

3. RESULTS AND DISCUSSION

The typical preparation process for OV,N-In,TiO; photo-
catalyst is based on a multistep sol—gel calcination method.
Pristine ITO was first obtained by a sol—gel process, followed
by a high-temperature treatment in air, which then was
subjected to an ammonifying process in NH; at different
temperatures. Clearly, with an increase in the NHj-treated
temperature (Figure la), the color of the samples gradually
becomes dark gray, and this change may be partially due to bulk
reduction of the ITO crystal by hydrogen from thermal
decomposition of NH; at high temperature.”” The crystal
structure of the products before and after ammonification was
characterized by X-ray diffraction (XRD) measurement. As
shown in Figure 1a, for the sample before ammonification, all of
the diffraction peaks can be indexed to a pure orthorhombic
ITO phase (JCPDS ICDD 82-0326), which contains octahedral
[TiOg] and [InOg] in a unit cell (Figure 1b).”* If we changed
the preparation conditions, such as complexing agent, pH value,
and so on, impure ITO sample or unidentified mixtures would
be formed (Figure S1). In addition, all the NH;-treated samples
still retained the orthorhombic ITO phase and no other
byproducts, such as nitrogen-containing compounds, were
detected from the XRD results. To further investigate the effect
of ammonification temperature on the composition of samples,
Fourier transform infrared (FT-IR) measurements were
performed. It can be seen that no hydrocarbon peaks and
amine complexes are observed (Figure 1c).””

As identified by scanning electron microscopy (SEM) in
Figure 2ab, the above as-synthesized ITO and ITON700
samples all consist of irregular rodlike submicrostructures and
ammonification has almost no effect on the morphology and
size of the samples. CHN elemental analysis (Table S1) proves
the presence of 0.3 wt % N in ITON700 and 0.11 wt % N in
ITONG600. However, for ITON350 and ITONS00, N contents
are as low as 0.05 and 0.08 wt %, respectively, which are already
beyond the detection limit of 0.1% for the instrument,
indicating few N were incorporated into ITO matrix when
the NHj; treatment temperature was lower than 500 °C. The
homogeneous distribution of N element on the surface of
ITON700 was also confirmed by elemental mapping images
(Figure 2b). Figure 2¢,d show high-resolution transmission
electron microscopy (HRTEM) images of ITO and ITON700,
which are taken randomly from any areas. It can be seen that,
for ITO, perfect lattice fringes without any defects are obtained,
suggesting good crystallinity within the grains or at the grain
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Figure 2. (a, b) SEM images of (a) ITO and (b) ITON700; on the
right are elemental mapping images. (¢, d) TEM and HRTEM images
of (c) ITO and (d) ITON700. Red circles in panel d clearly show
lattice defects and dislocations.

boundaries. However, some clear lattice defects and disloca-
tions can be clearly observed in the well-defined crystalline
structure of ITON700 (marked in red circles), demonstrating a
novel defect-rich structure in the sample.*’

Surface elemental components and valence states of the as-
synthesized ITO samples were further determined by X-ray
photoelectron spectroscopy (XPS) measurements, as shown in
Figure 3. For ITONG600 and ITON700 samples, the N 1s XPS
spectra both exhibit four peaks at around 395.1, 396.3, 400.3,
and 402.1 eV. The first two peaks can be attributed to TiN and
O-In—N linkage, respectively, whereas the other two weak
peaks are related to molecularly chemisorbed y-N,.***"** On
the contrary, for ITO, ITON350, and ITONS00, no evident
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Figure 3. In 3d, Ti 2p, O 1s, and N 1s XPS spectra of ITO samples
(top to bottom: ITON700, ITON600, ITONS00, ITON350, and
ITO).
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peaks were observed in N 1s XPS spectra, and their high-
resolution In 3d XPS spectra (Figure 3) all show two peaks at
binding energies of ~444.1 eV (In 3d;/,) and ~451.7 eV (In
3ds,,). However, for ITON600 and ITON700, the In 3d peaks
can be deconvoluted into four peaks, which may originate from
two components. The peaks centered at 444.3 and 451.8 eV
can be ascribed to the In—O bond, while the other two peaks at
lower binding energies (443.6 for In 3d;/, and 451.1 eV for In
3d;,,) can be assigned to the In—N bond.””** Furthermore, for
ITON600 and ITON700, Gaussian fitting of the Ti 2p peak
shows double peaks contributed from Ti** 2p and Ti*" 2p. The
peaks at 456.9 and 462.4 €V are characteristic of Ti**, while the
peaks at 457.9 and 463.8 €V can be attributed toTi* 2p;, and
Ti* 2p,,, respectively.’ Thus, it can be seen that after thermal
treatment in NH; atmosphere at 600 and 700 °C, the Ti 2p;/,
and Ti 2p, ), peaks shifted toward lower binding energies, which
are mainly due to the introduction of oxygen vacancies into the
In,TiO; lattice. The presence of the oxygen vacancies in
ITON600 and ITON700 was further confirmed by their
corresponding O 1s XPS spectra (Figure 3). From the O 1s
XPS spectra, we can see that the broad oxygen peak can be
deconvoluted into four symmetric peaks centered at 529.0,
529.8, 531.1, and 532.7 eV. The highest binding energy at 532.7
eV should correspond to superoxide ion (O,”), which comes
from the adsorption of atmospheric oxygen accommodated in
surface oxygen vacancies."”* The other three peaks (531.1,
529.8, and 529.0 eV) can be assigned to bridge OH groups,
lattice oxygen, and oxygen atoms located near reduced lattice
indium and titanium (Rﬂnm)), respectively’.44’46_48 Obviously,
for ITON350 and ITONSO00, the peak at around 532.7 eV is
absent, indicating no oxygen vacancies in these two samples. In
addition, from the N 1s and Ti 2p XPS spectra, doped N and
Ti*" are also not present in ITON350 and ITONS00.
Electron paramagnetic resonance (EPR) was performed to
determine the chemical environment of unpaired electrons,
thus further demonstrating the existence of Ti**and oxygen
vacancies (Figure 4). EPR signals at g = 1.997 (324.32 MT) and
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Figure 4. (a) EPR spectra of In,TiO; samples. (b) Partial enlarged
EPR spectra of ITON600 and ITON700.

g = 1.981 (326.92 MT) are characteristic of electrons trapped
in distorted four-coordinated Ti*" sites, confirming the
presence of Ti’* as well as oxygen deficiencies in ITONG600
and ITON700.* The g values at 2.025 (319.81 MT), 2.046
(316.56 MT), and 2.061 (314.18 MT) are in agreement with
values reported for oxygen radical species on the catalyst

surface.”””" According to the literature, the oxygen vacancies

are probably induced by doped nitrogen and hydrogen thermal
treatment at 600—700 °C by annealing ITO in NH; flow. As
mentioned above, hydrogen gas can be generated by thermal
decomposition of NHj at temperatures higher than 600 °C.>>**
Compared with ITON700, ITONG600 exhibits a weak OV
signal. Moreover, no evident Ti** and OV signals are observed
in ITONS00 and ITON350 or in pristine ITO.

UV—vis—NIR absorption spectra of pristine In,TiO; and
NH;-treated samples are shown in Figure Sa. The evident
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Figure S. (a) UV—vis—NIR absorption spectra of In,TiOs samples;
(inset) Kubelka—Munk transformation of absorption curves. (b—e)
Calculated electronic band structures of (b) pristine In,TiOs, (c) N-
In,TiOs, (d) OV-In,TiOs, and (e) OV,N-In,TiO;.

absorption for all samples at wavelengths shorter than 400 nm
can be assigned to the intrinsic band gap absorption of In,TiOs.
The absorption edges for ITON600 and ITON700 were red-
shifted compared to those of other samples, thereby confirming
the effectiveness of band gap narrowing by OV and nitrogen
doping. It is worth mentioning that ITON600 and ITON700
absorb light in the whole UV—vis—NIR light region (200—2500
nm). The band gap (E,) can be estimated from the Kubelka—
Munk function versus the energy of the light absorbed (inset in
Figure Sa). Clearly, ITON350 and ITONS00 have almost same
E, as pristine In,TiO; (E, = 2.83 eV), whereas the band gaps of
ITON600 and ITON700 decrease to 2.58 and 1.82 eV,
respectively. Moreover, a new band gap (0.4S V) is observed
in ITON700, which comes from the excitation of electrons in
the impurity energy levels to the conduction band (CB) by
absorbing NIR light.

In the present work, to further understand the origin of the
NIR light response and narrowed band gaps of ITON600 and
ITON700, calculations based on the DFT method by use of
Materials Studio were carried out to determine the electronic
band structure of pristine, N-, OV-, and OV,N-In,TiO; (Figure
Sb—e). The calculated E, = 2.1 eV for pristine In, TiOs is not in
good agreement with the experimental value of 2.83 eV, which
can be ascribed to the nature of the LDA method and the band
structure of In,TiOs (Figure 5b).>* Compared with that of
pristine In,TiOs, the band gap of N-In,TiOs between the
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unoccupied level and the bottom of the conduction band is
about 0.43 eV narrower (Figure Sc), which mainly results from
the contribution of hybridization of N 2p with O 2p orbitals,
thus leading to the shift of the valence band edge upward.*>*
However, for OV-In,TiO;, a newly formed oxygen vacancy
state is observed and is located below the conduction band
minimum (CBM), which can serve as the springboard for the
photoexcited electrons to jump from the valence band (VB)
into gap states and subse%uently to the CB under NIR light
irradiation (Figure 5d)."** For OV,N-In,TiOs, the VB moves
upward and impure energy levels are seen in the band gap due
to coaction of oxygen vacancies and doped nitrogen, and thus
the band gap is reduced to 1.12 eV (Figure Se). This result is in
agreement with that from UV—vis—NIR absorption spectra
described above. The narrowed E, and the new springboard of
OV,N-In,TiO;s indicate that the oxygen vacancy and nitrogen
codoped system may have better NIR light photocatalytic
activity than those undoped and monodoped systems.

Figure 6 shows the photocurrent responses of ITO samples
to on—off cycling recorded at +1.0 V bias. It can be clearly seen
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0.51 Off —ITON500 — ITON700
’ On ( —ITON350
< 0.4
3 ( (
£ 0.34
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Figure 6. Time-based transient photocurrent responses of In,TiOg
samples under NIR light irradiation (760—1100 nm) in aqueous
sodium sulfate solution (1 mol-L™") as supporting electrolyte.

that ITO, ITON350, and ITONSO0 generated negligible
photocurrent, indicating that almost no electrons flow through
the external circuit. The photocurrent value increased with
increasing NH; treatment temperature, and ITON700 showed
the highest photocurrent. For ITON700 working electrode,

prompt photocurrent generation was observed once NIR light
was turned on and the photocurrent value decreased to near
zero as soon as the light was turned off. Although a relatively
large photocurrent fluctuation was observed before 1500 s, the
photocurrent could keep stable after 1500 s. Therefore, it can
be concluded that during the 16 on—oft irradiation cycles, the
generated photocurrents can be considered comparatively
stable. The prompt photocurrent response of ITON700
indicates its highly efficient separation and transfer of the
charge under NIR light irradiation.®”

In view of the NIR photocurrent responses, we further
studied the NIR light-driven photocatalytic H, production of
In,TiOs samples. The photocatalytic reaction setup, optical
spectrum analyzer, and emission spectra of Xe lamp used in our
experiments are presented in Figures S2—S4. It can be seen that
the NIR light we used was 760—1100 nm (Figure S4). Figure 7
panels a—e show GC traces of the headspace over 9 h of
photocatalytic reaction of Pt-loaded In,TiOg samples in pure
H,0 under NIR light. Obviously, no photocatalytic activity
toward H, production was observed on ITO, ITON350, and
ITONS00 under NIR light irradiation, and ITON600 showed
poor activity with 0.53 pumol of H, produced after 9 h (Figure
7a—d). The H, signals produced by ITON700 as a function of
NIR light irradiation time are presented in Figure 7e, which
shows that the H, evolution rate steadily increases during a
long photocatalytic reaction and the total amount of H, is 11.2
umol after 9 h. If the ITON700 sample was put in the dark, no
H, was evolved, confirming the fact that the reaction is driven
by NIR light and no thermocatalytic H, was evolved under the
present conditions. For comparison, we also performed the
experiment of single Pt in pure H,O under NIR light
irradiation, and no H, was generated. These results clearly
demonstrate the NIR light photocatalytic H, production ability
of ITON700 photocatalyst with Pt as a cocatalyst. From these
photocatalytic experimental results, we deduce that the ITO
samples annealed in low NHj treatment temperatures lack OV
and N-doping, and therefore the valence electrons cannot be
excited by NIR light, while those samples obtained at NH;
treatment temperatures higher than 600 °C contain OV and N-
doping, and thus the band structure was changed toward NIR
light-responsive. Therefore, OV and N-doping are crucial for
efficient NIR light photocatalytic H, production due to the fact
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Figure 7. (a—e) GC traces of the headspace over 9 h of photocatalytic reaction of Pt-loaded In,TiO; samples in pure H,O under NIR light. (f)

Schematic band structures of ITO and ITON700.
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that an interband springboard in ITON700 is indispensable for
the excitation of photoelectrons from VB to CB under NIR
light irradiation (Figure 7f). Obviously, the enhanced NIR
absorption of ITON700 will be beneficial for harvesting a wide
range of light.

Moreover, In,TiO; samples obtained at NH; treatment
temperatures higher than 700 °C (denoted as ITON750,
ITON800, and ITON900) were also tested for NIR light
photocatalytic H, production. As the heat-treatment temper-
ature increased from 700 to 900 °C, the H, production rate
decreased. There is a sharp decrease in the photocatalytic H,
production rate from 1.36 ymol in 9 h for ITON750 to 0 gmol
of H, for both ITON800 and ITON900 (Figure S6a—c). This
is because when the NH; treatment temperature was higher
than 800 °C, no In,TiO4 phase was formed and the as-obtained
samples (ITON800 and ITON900) were mainly a mixture of
In and TiN (Figure SSa). Electronic band structure calculation
of TiN clearly indicates a metallic structure, with the Fermi
level located within the CB and intersecting several bands
(Figure S7).>® For ITON750, we know that a small amount of
In, TiO; has been reduced to In (Figure S5a), which may be the
main reason for a sharp decrease in the photocatalytic H,
production rate compared to ITON700. In view of the metallic
properties of In and TiN, and their inefficient performance in
NIR photocatalysis with ITON800 and ITON900, the excellent
photocatalysis performance for H, production with ITON750
can be ascribed to its VO and N-doping.

To further analyze the NIR light-driven photocatalytic
performance of OV-In,TiO; samples without N-doping,
pristine In,TiO5 was annealed in H, flow at 600 and 700 °C
to obtain OV-In,TiO; samples, which were denoted as
ITOH600 and ITOH700, respectively. The NIR light photo-
catalytic H, production rate was close to zero for both samples
(Figure S6d,e). Like ITON600 and ITON700, ITOH600 and
ITOH700 were also confirmed to be pure orthorhombic
In,TiO; phase (Figure SSb). Moreover, XPS spectra of
ITOH700 (Figure S8) indicate that this sample is also rich in
Ti** and oxygen vacancies. As indicated by the theoretical
calculations in Figure 5d, there is a defect-related new band
occupied with electrons in ITOH700, and thus photoexcitation
is allowed from the new band to the CB under NIR light
irradiation. The NIR light-driven photoexcitation property of
ITOH700 was confirmed by the optical absorption spectra in
Figure S9. From the above analysis, we deduce that the possible
reason for poorer photocatalytic performance of ITOH600 and
ITOH700 may be due to their absence of N-doping, which
greatly decreases their optical absorption intensity for NIR
light.*

In order to optimize the photocatalytic reaction conditions of
ITON?700, different sacrificial reagents were used, ensuring that
the holes were removed quickly from the catalyst, as shown in
Figure 8a. The H, evolution rates on ITON700 for different
sacrificial reagents are in the order methanol > formic acid >
ED2Na > ascorbic acid > Na,S + Na,SO; > triethanolamine,
and the highest H, evolution rate is 169.8 ymol-g~-h™". The
H, evolution rate is higher than those of reported catalysts
focused on wavelengths longer than 760 nm (Table S2). Figure
8b shows a typical time course of H, evolution on ITON700 in
methanol solution under NIR light irradiation. After illumina-
tion for 24 h, although a slight deactivation was observed, the
photocatalytic activity remained comparatively stable when the
reaction solution was replaced periodically with fresh methanol
solution.

(b) 25
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Figure 8. (a) Dependence of H, production activity of ITON700 on
hole scavengers under NIR light. (b) Time course of photocatalytic H,
production on ITON700 (30 mg) in methanol solution under NIR
light. (c) NIR light photocatalytic reaction model of ITON700
suspended in methanol aqueous solution.

From the above discussion, it can be deduced that, in the
H,0—CH;OH—-ITON700 system under NIR light irradiation,
electrons can be excited by NIR light with shorter wavelengths
(hvy > 137 eV; A, = 760—905 nm) from the VB to the
interband springboard created by oxygen vacancies below the
CB. These electrons can be excited to the CB by NIR light with
longer wavelengths (hv, > 0.45 eV; A, = 905—1100 nm). Next
the electrons transfer to Pt deposited on the surface of
ITON700, and eventually they react with the adsorbed H* ions
to produce H,. On the other hand, the resulting electron-
deficient ITON700 oxidizes CH;OH and returns to the original
state (Figure 8c). In this way, the NIR light energy can be fully
used, which may offer new opportunities for sustainable
utilization of solar energy in chemistry, especially for photo-
catalytic H, production from water.

4. CONCLUSION

In summary, a novel and robust semiconductor, OV,N-In, TiOj,
has been synthesized by a multistep sol—gel calcination process
and for the first time used for NIR light-driven photocatalytic
H, production. Under optimal conditions, this photocatalyst is
capable of producing H, with a rate of 169.8 pmol-(g of
catalyst) ""h™' with Pt as cocatalyst, which is very high under
NIR irradiation. Theoretical calculations and experimental
results demonstrated that it is oxygen vacancies and nitrogen
doping that account for the NIR light-responsive abilities by
forming an interband springboard and narrowing the band gap.
The present work may present a promising future for better
design and preparation of photocatalyst, which could result in
enhanced NIR light conversion applications and efliciently
harvest the wide spectrum of solar light.
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